We demonstrate coherent dynamics of quantized magnetic fluxes in a superconducting loop with a weak link -a nanobridge patterned from the same thin NbN film as the loop. The bridge is a short rounded shape constriction, close to 10 nm long and 20 -30 nm wide, having minimal width at its center. Quantum state control and coherent oscillations in the driven time evolution of the tunnel-junctionless system are achieved. Decoherence and energy relaxation in the system are studied using a combination of microwave spectroscopy and direct time-domain techniques. The effective flux noise behavior suggests inductance fluctuations as a possible cause of the decoherence.
Introduction.
A variety of different superconducting artificial quantum systems, successfully developed and studied over the last decade, rely on aluminum-based Josephson tunnel junctions of the Superconductor -Insulator -Superconductor (SIS) type (see, e.g., [1] [2] [3] [4] ). A recently proposed and explored alternative approach to superconducting qubits is based on a new phenomenon -coherent quantum phase slips (CQPS) occurring in superconducting nanowires [5, 6] . Such systems were first demonstrated in disordered InO x [7] , and we discovered similar behavior in nanowires patterned from thin disordered NbN and TiN films [8] .
The main findings. The goal of this work is to realize a novel type of a tunnel barrier for magnetic fluxes based on the single weak link patterned from a disordered superconductor, and to study its coherent quantum dynamics, decoherence, and energy relaxation. In contrast to nanowire-based devices, the tunneling energy of the weak link is mainly determined by a single amplitude through the narrowest point. This helps to avoid interference between different amplitudes (Aharonov-Casher effect), which may take place in nanowire-based qubits, and energy fluctuations due to the random charge jumps in dielectrics [9] . Investigating the coherent dynamics in a weak link is interesting in light of the intense research on the classical dynamics and transport in these basic superconducting structures [10] . Here we successfully demonstrate coherent flux tunneling dynamics through the weak link, together with quantum state control. Furthermore, we report a systematic investigation of decoherence and find constraints on the decoherence mechanisms in the system. Quantum dynamics in various types of superconducting weak links is under active study, and has been only recently observed in direct time-domain measurements for atomic contacts [11, 12] and semiconducting nanowire-based SNS junctions [13, 14] . Figure 1 (b) shows a closeup of a typical investigated constriction. During electron beam lithography as part of the fabrication process, the weak link is written as a short single pixel line between two 100 nm wide electrodes. The constriction lengths of the detected qubits were in the range 10−30 nm, whereas the widths observed with a scanning electron microscope varied typically between 20 and 40 nm. In this limit of short electrode separations, due to the fabrication process, the nanobridge length and width are not independent of each other: the width typically decreases with increasing length. Here we focus on one of the several measured chips, and present detailed measurements on one of the observed qubits, with the optimal point at f q = 9.58 GHz.
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Sample details. The samples are fabricated using a process similar to Ref. [8] : First, a NbN film of thickness d ≈ 2 − 3 nm is deposited on a Si substrate by DC reactive magnetron sputtering [15, 16] . Proceeding with the uniform NbN film, coplanar resonator groundplanes as well as the transmission lines for connecting to the external microwave measurement circuit are patterned in a first round of electron beam lithography (EBL) and subsequently metallized in an electron beam evaporator. In a second EBL step, the loops with constrictions as well as the resonator center line are patterned using a high resolution negative resist (calixarene) [17] [18] [19] . Reactive ion etching (RIE) in CF 4 plasma is then used to transfer the pattern into the NbN film.
For electrical characterization of the samples, we use a weak continuous microwave of frequency f p as a probe signal and measure microwave transmission (normalized complex transmission coefficient t = |t|e iφ ) through the resonator around one of the resonant modes using a vector network analyzer. The mode is chosen to be within the usable 6 − 12 GHz bandwidth of our cryogenic amplifier. We denote the probing power at the generator output by P p . The qubits can be excited using a second, continuous or pulsed, microwave tone at frequency f s and power P s .
The sample reported here contains a resonator with capacitive coupling. The resonant modes are given by
1/2 the effective speed of propagation of the electromagnetic waves, and L l (C l ) the inductance (capacitance) per unit length. The qubit, shifted from the center of the resonator by about 100 µm, is coupled to different resonator modes, depending on the oscillating current amplitude. Transmission measurements yielded an average mode spacing of 2 GHz. We find v ≈ 6 × 10 6 m/s, and using the estimate
The full width at half maximum of the power transmission peak ∆f 6 at n = 6 with frequency f 6 = 11.876 GHz (where the most of measurements are done) is about 23 MHz, which corresponds to the quality factor Q ≈ 500. The resonator chip was enclosed in a sample box, and microwave characterization of the qubits is performed in a dilution refrigerator at the base temperature close to 25 mK.
Qubit characterization. We now demonstrate that the weak links work as a tunnel barrier for magnetic fluxes. Microwave characterization of the resonators typically showed flux-periodic signatures originating from several of the loops coupled to the same readout resonator. At first, to identify which of the several loops, coupled to the center line of the shared resonator, form functioning and detectable qubits, we probe the microwave transmission around several resonator modes as a function of Φ ext over several flux periods. As in Ref. 8 , the loop area increases by a factor of 3 between the smallest and the largest loop. The initial identification based on the fluxperiodicity of the transmission is followed by two-tone spectroscopy centered around the optimal point of each qubit to extract the minimum energy gap ∆ (the magnetic flux tunneling energy) and the persistent current I p from the Φ ext -dependence of the qubit transition. Figure 2 (a) shows a typical result of such a measurement: Microwave transmission through the resonator is monitored continuously at a fixed frequency f p using a weak probe tone at one of the resonant modes. The qubit is simultaneously excited using a stronger drive tone at a frequency f s that is scanned around f q . Due to the dispersive (non-resonant) coupling between the qubit and the resonator, the resonant frequency depends on the qubit state populations. The populations ultimately saturate to 0.5 for strong drive, producing a clear dip in the measured transmission whenever f s = f q . In Fig. 2 (a) we plot the magnitude of the microwave transmission coefficient as a function of f s and Φ ext . The dashed line is a fit to hf q = √ ε 2 + ∆ 2 , based on the Hamiltonian H = −(ε/2)σ z − (∆/2)σ x . Here, ε = 2I p δΦ ext with δΦ ext = Φ ext − (N + 1/2)Φ 0 , and Φ 0 = h/(2e) denotes the quantum of magnetic flux. In the vicinity of the point δΦ ext = 0, where the transition frequency is mini-mal reaching ∆/h, the fluxes are superposed. The dashed curve uses I p = 40 nA, which is defined by the loop inductance
After spectroscopic characterization, we can perform direct time-domain probing with Φ ext tuned to the optimal point, where f q = ∆/h. Fig. 2 (c) shows the second main finding of this Letter: Using a pulsed microwave drive at frequency f s close to f q , and of varying duration ∆t, we observe Rabi oscillations of the qubit population. To obtain this plot, we keep the weak continuous probing tone at f p , whereas the driving pulses of length ∆t are repeated with period T = 500 ns. Figure 2 (b) shows a line cut at zero detuning, f s = f q , whereas Fig. 2 (d) illustrates good agreement between the observed oscillation frequencies at different driving powers and the characteristic linear dependence on the drive amplitude expected for a two level system. The oscillations decay here within about 30 ns. In addition to the decay, we also observe a slow rise or fall of the background level, without clear nature. One of the possible causes is influence of the excitation pulses on the resonator transmission.
The time-domain oscillation measurements were performed at probing powers P p corresponding to intraresonator photon numbers n 1. To characterize the influence of the continuous measurement on the qubit dephasing we check the lineshape of the spectroscopy line at the qubit optimal point at varying probing powers. The observed negative ac-Stark shift of the qubit frequency, approximately linear with an increase of the readout power, allowed us to calibrate n against P p as with aluminumbased superconducting qubits [22, 23] . Due to the measurement backaction, at increasing P p we observe the expected broadening of the spectroscopy line and the start of the evolution of its shape from a Lorentzian towards a Gaussian.
Decoherence measurements. Our earlier experiments with two-level systems in InO x and NbN nanowires [7, 8] indicated dephasing in these systems, with typical spectroscopy linewidths of the order of 100 MHz, but the decoherence properties were not investigated in detail. Figure 3 collects together the next finding of this Letter: measurements of dephasing and relaxation rates of the constriction qubit.
First, Fig. 3 (a) displays the spectroscopy line of the qubit when Φ ext is kept fixed at the optimal point. The probing power P p corresponds to n 1 photons in the resonator on average, and the magnitude of the normalized transmission coefficient is plotted as a function of f s . The lineshape is well described by a Lorentzian dip whose width and depth increase with P s . In the limit of low P s we find a full width at half maximum of δf FWHM = 26 MHz at the optimal point, corresponding to Γ 2 ≈ πδf FWHM ≈ 8 × 10 7 s −1 . The dependence of the dephasing rate Γ 2 on the qubit frequency f q is shown in Fig. 3 (c) , on the main panel (color online) (a) Typical spectroscopy lineshape of the qubit close to the optimal point (filled circles). The probing power Pp was kept constant at a low value corresponding to n 1 photons in the readout resonator, in which case the measured signal is well described by a Lorentzian (red solid line), the width of which relates directly to the total decoherence rate Γ2 = πδfFWHM. (b) Determination of the relaxation rate Γ1 from exponential decay of the averaged transmission under repetitive driving with double pulses of constant length but varying delay ∆t between the pulses. (c) Relaxation rates Γ1 (downward blue/dark triangles) and total decoherence rates Γ2 (upward red/light triangles) as a function of the energy bias ε. The solid line shows 2.9|ε|/( ωq) × 10 9 s −1 . The inset plots Γ1 and Γ2 from another, more detailed measurement focused around the optimal point. in terms of ε over a wide range of the external flux, and in the inset in more detail around the optimal point. As evident already from Fig. 2 (a) , the dephasing rates increase quickly when Φ ext is moved away from the optimal point. The black solid line as an eye-guide is 2.9|ε|/( ω q ) × 10 9 s −1 , the expected ε-dependence for 1/f type flux noise [24] . In Fig. 3 (c) we also show the approximate energy relaxation rates Γ 1 = 1/T 1 as a function of the external magnetic flux. To reduce the effects of spurious excitations of nearby resonator modes, the qubit relaxation rates were obtained from exponential fits to a time domain measurement with two microwave pulses of fixed length 100 ns T 2 whose separation was varied. Figure 3 (b) displays a typical result. Similar to the measurements of the Rabi oscillations, the system was probed continuously at f p and the pulse sequence was repeated after every T = 500 ns. In contrast to the dephasing rate that quickly increases away from the qubit optimal point, we find the relaxation rate corre-sponding to T 1 ≈ 30 ns to be weakly dependent of Φ ext . Note also that the relaxation can not be described by the Purcell effect due to non-resonant energy leak to the resonator modes. This is supported by our estimates and frequency-independent behavior of Γ 1 when the qubit is detuned from the resonances, as is, for instance, shown in the inset of Fig. 3 (c) .
Discussions.
The dephasing dependence in Fig. 3 (c) suggests that it originates from low frequency fluctuations in the flux degree of freedom. From the asymptotic relation 2I p δΦ = 2 Γ 2 (at ω q ∆, where Γ 2 ≈ 2.9 × 10 9 s −1 ), we find the corresponding normalised flux fluctuations δΦ/Φ 0 to be about 4 × 10 −3 , which is about three orders of magnitude larger than typical flux fluctuations in Josephson flux qubits and dc SQUIDs fabricated from thicker films [24] [25] [26] [27] [28] [29] . The corresponding inductance fluctuations from δΦ/Φ 0 = δL q /L q are found to be δL q ≈ 0.1 nH. If we assume that the fluctuations are correlated in space with a typical characteristic length (e.g. coherence length) then the relative inductance fluctuations δL q /L q are scaled as inverse square root of the total area. Recalculated for the resonator, we find that δL r /L r = A q /A r δL q /L q ≈ 2.5 × 10 −4 , where A q and A r are areas of the qubit and the resonator central line. If similar inductance fluctuations take place in the resonator formed from the same NbN film, the expected relative inductance fluctuations result in the resonator line broadening δf = 1/2(f n /2)δL r /L r , which for f 6 is equal to 0.8 MHz. This is an order of magnitude smaller than the line broadening in our resonator ∆f 6 .
Next, we characterize the qubit dissipation, assuming that it is caused by a resistance R q parallel to the inductance. The relaxation rate caused by the spontaneous emission due to the current quantum noise
, where ϕ p = L q I p = Φ 0 /2 is the effective dipole moment, describing coupling of the loop to the resistance, and sin θ = ∆/ ω q . Note that sin θ changes only by a factor of 2 in the range of our measurements 9.58 GHz ≤ f q ≤ 18 GHz (corresponding to 0 ≤ ≤ 16 GHz), and Γ 1 fluctuates in a relatively narrow window over the measured frequency range. Although R q is not necessarily constant, we estimate its effective value, substituting typical Γ 1 . At f q ≈ 9.6 GHz, Γ 1 ≈ 4 × 10 7 s −1 , and we find R q ≈ 30 MΩ, which corresponds to a square resistance R ≈ 1.7 MΩ. The nature of this dissipation requires further study. A possible mechanism can be related to crowding of the current part out of superconducting channel to a normal one (e.g., quasiparticle current or dissipative displacement current in the oxide layer on top of the film) due to fluctuations of kinetic inductance.
Conclusions. To summarize, we have demonstrated coherent quantum dynamics in a superconducting loop interrupted by a weak link in the geometry of a uniformthickness Dayem bridge type constriction. Quantum state control of the qubit has been demonstrated by measuring Rabi oscillations. The dephasing and energy relaxation has been studied in a wide range of energies. The dephasing can be explained by kinetic inductance fluctuations in the highly disordered NbN film. Future samples would benefit from a readout resonator with significantly larger fundamental frequency, better quality resonators fabricated in a separate step, as well as the loops fabricated from a thicker film. A detailed study of the constriction length dependence could shed light onto the transition to a phase slip flux qubit in a longer nanowire, either uniform or behaving as a chain of intrinsic weak links. 
